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Abstract—For modular multilevel converters (MMCs), reduc-
ing the design margin while fulfilling the reliability target in
the design stage is challenging. To address this challenge, a
system-level power loss evaluation is essential. Although many
studies have discussed the power loss calculation of the MMC,
most of them focus on the power losses of semiconductor
devices while ignoring the impact of capacitors, arm inductors,
and ac transformers. Therefore, this paper proposes a system-
level power loss evaluation for MMCs from the perspective of
reliability assessment. The power loss model covers switching
devices, capacitors, and inductors. All the power loss calculation
is starting from the active/reactive-power set points of the
converter at the point of common coupling (PCC), where the
converter is connected to the AC grid. The leakage inductance
of the ac transformer is also considered. In addition, in order to
meet the needs of long-term reliability assessment, the proposed
power loss calculation is computation-efficient and easy to update
parameters. The theoretical analysis has been verified by a
full-scale MMC in simulations and a down-scale platform by
experiments.

I. INTRODUCTION

The modular multilevel converter (MMC) has distinctive
features of modularity, scalability, superior harmonic perfor-
mance, low switching stresses [1], etc. However, the MMC
is a large-scale and complex system. Hundreds or thousands
of individual components, including insulated-gate bipolar
transistors (IGBTS), capacitors, inductors must operate prop-
erly. For example, the first commercial MMC-HVDC project—
Trans Bay Cable project has 216 submodules (SMs) per
arm [2]. Over 1,000 capacitor banks and more than 2,000
IGBT modules are employed in the system. Any unexpected
failures might lead to shut-down of the whole system and
lower its availability. From this perspective, reliability is of
great importance to the design and operation of the MMC.

To improve the reliable performance of the MMC, sizing
components with excessive design margins is a widely accept-
ed solution in the industry. In addition, various redundancies
are applied [3]. Nonetheless, the design constraints in cost
and efficiency impose a great challenge on the application
of MMCs. How to design an MMC with compromised costs
and design margins while fulfilling a specific reliability target
is still an open question. To do it confidently, a reliability
analysis-oriented power loss evaluation for the whole MMC
system is a prerequisite.

One of the widely used methods for loss evaluation of the
MMC is numerical solutions based on simulations. In the

analysis of an established MMC station, the international stan-
dard IEC-62751-2 recommends using simulation methods to
achieve a 3% uncertainty [4]. Moreover, some simplified sim-
ulation methods are proposed in [5] to improve computational
efficiency. Numerical solutions have advantages of considering
sophisticated degrees of freedom in terms of control strategies
in the MMC. However, different cases rely on the modification
of the simulation parameters. When comparing the reliable
performance of different design schemes (e.g., selection of
device parameters, device types, and the number of sub-
modules (SM)), the simulation-based methods are challenging
to change these parameters fast and automatically.

An alternative approach is to establish analytical models to
estimate the power losses of the MMC [6]-[12]. Reference
[6] provides analysis of semiconductor power losses on the
basis of a new modulation scheme. Afterward, based on the
conduction path of the arm current, reference [7] proposes
to utilize an inserted probabilities of each SM to calculate
the power semiconductor losses of the MMC. Different SM
topologies have also been evaluated in the inserted probability
method [8]. Regarding the variable switching frequency of the
MMC under nearest-level modulation (NLM), reference [9]
presents an analytical method to estimate the switching power
losses of the MMC. Furthermore, the impacts of other pa-
rameters, such as junction temperatures [10], grid integration
[11], the use of new devices [12], etc., are also considered.
However, all the aforementioned methods focus on the power
semiconductor devices only. The capacitors and inductors,
which contribute to the system-level reliability of the MMC,
have been rarely discussed. Moreover, it is worth mentioning
that the reactive power consumption of the leakage inductance
of the ac transformer should not be ignored in the power loss
analysis. Although it is not necessary to have a higher value of
phase inductance as a filter, the transmission transformer has
0.14 p.u. leakage inductance typically given the manufacturing
cost [13].

This paper proposes a system-level power loss evaluation
for the MMC, which considers the switching devices, capaci-
tors, and inductors. The established model is computationally
efficient, friendly to parameters changing as well as consid-
ering the leakage inductance of the transmission transformer.
Moreover, a down-scale MMC platform has been built. The
established analytical model is experimentally verified.
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Fig. 1. The configuration of an MMC interfaced to an ac system through a
transformer.

II. AN MMC CONFIGURATION CONNECTING WITH
POWER GRIDS

The configuration of an MMC interfaced to an AC system
through a transformer is shown in Fig. 1, where Lt is the
leakage inductance of the transformer, and Ly is the arm
inductor. The leakage inductance of a transmission transformer
is typically 0.14 p.u. Therefore, the voltage across the trans-
former cannot be ignored when calculating the internal voltage
within the converter. In addition, any active/reactive power
calculation should be referenced to the (PCC) with the AC
grid, rather than the converter terminals.

In this work, the grid voltage at the virtual point of the
secondary transformer is selected as the reference. Then, the
grid voltage and the line-to-line AC voltage of the converter
are expressed as

U, = U, 20°, U, = U 26 (1)

where U, and U, are the grid voltage amplitude and the
converter ac voltage amplitude, and ¢ is the power angle,
which is the phase angle between U, and Us.

The phase reactance is a combination of the transformer
leakage reactance and the arm reactance, which is

Leq - LT + L0/2 (2)

where Lt is the transformer leakage reactance and Ly is the
arm reactance. Although it is not necessary to have a high
value of phase reactance as a filter in the MMC, the phase

reactance is still typically around 0.14 p.u. in the real project
given the manufacturing cost [13].

Modulation index is defined as the ratio of the amplitude
of the converter phase voltage by the half the dc bus voltage,
which is given by

o Uem 20,
UdC/ 2 \/gUdc
where Uc_ph is the amplitude of the converter phase voltage,
Uqc is the dc bus voltage, and UC is the amplitude of line-to-
line voltage at the converter terminal.
Active and reactive powers of the PCC (X is the
impedance of the phase reactance) are obtained as

3)

U,U, sin §
p, = 23720
Xeq )
Q U (Uccosd — Uy) “)
s — Xeq

Substituting (4) into (3), the modulation index of the MMC
is thus solved by
22N, 2v2(QsXeq + UZ2)
m = — =
V3 Ulc V/3Uq4 Uy cos &
which indicates that the modulation index is not changed freely
when the MMC is connected to the grid. The grid parameters
(e.g., reactive power, grid voltage, etc.) determine the range of
modulation index. Therefore, the phase voltage at the converter

terminal and the AC current are expressed according to Fig. 1
as

(&)

Uc_ph (t) = %Udc sin (wt)

is (t) = V21 sin (Wt — @)
where ¢, is the phase angle given by the converter ac voltage,
which p. = + ¢.
In the steady-state, the arm currents are expressed as

(6)

. Lo I I .
ip () = %Jr; sin (wt — ) = 3 [k + sin (wt — )] (T)

I C j§ . jﬁ .
i (t) = %75 sin (wt — pe) = 5 [k — sin (Wt — @) (®)
where k is the current ratio in arm currents, which is defined
as

Idc fs
k=—/ — 9
3/ 3 €)
Considering an ideal MMC model with N SMs per arm,
the insertion probability of the upper arm and lower arm are

denoted by NV, and IV, as

U, 1
N, = —2— = _[1 — msin (wt
P Ny 2 [1 — msin (wt)] w0
n 1 .
N, = N,Z;}SM =3 [1 + msin (wt)]

As of now, all MMC control variables (e.g., modulation
index, arm voltages/currents) have been established based on
the analytical relationship according to the P/(Q) set points of
PCC with the AC grid.



1.5 T T

Device current limit Upper voltage
N N it (m = 0.95
1L // ~  limit (m =0.95) |
7
< 7 0=20 MVar A
Zos| o/ = \o i
/ \
<)) PNEEEPN o )
o) ‘? 0=10 MVar \
2 of | | |
(=¥ \ |
o \ /
= \ /
205t EAN // 1
~ Power limit
-lr / Lower voltage |
limit (m = 0.7)

15 | | I

-0.5 0 0.5
Active power P (p.u.)

1 1.5

Fig. 2. Active and reactive power capability (P/Q circle) graph of a full-scale
MMC with different component and system limitations.

TABLE I

PARAMETERS OF A 36-MVA MMC USED A CASE STUDY.

Parameters Symbols

Values and units

Nominal apparent power Sy

Nominal active power Py

DC bus voltage Uge

Switching frequency fow

Leakage reactance of the transformer Lt

Arm reactance L

Equivalent inductor resistance Rg_gc, Fs @50z
SM capacitance C

36 MVA

30 MW

30 kV

333 Hz

2.8 mH (0.14 p.u.)
2.4 mH (0.12 p.u.)
20 m€2, 21.9 m$2
2.65 mF

Capacitor series resistance is Ryc 0.47 mS2
Dielectric loss tangent is tan dg 3x 1074
Grid line voltage at PCC Us 15 kV
Nominal grid current I 1.38 kKA
Number of SMs per arm N 10
Bleeding resistor of each SM Ry, 4.5 kQ
insert bypass
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Fig. 3. The operating diagram of an SM in the MMC system.

III. POWER LOSSES OF CRITICAL COMPONENTS IN A

FULL-sCALE MMC

In this section, a full-scale MMC is selected as a case study
for power loss evaluation. The parameters of the MMC are

listed in Table I. Varies active power points (-30 MW-30 MW)
and reactive power points (10 MVar and 20 M Var) are selected
in simulation. All of these operating points are located in the
P/Q capability circle as shown in Fig. 2.

TABLE II
THE AVERAGE AND RMS CURRENTS OF THE FOUR POWER DEVICES IN
AN SM OF THE MMC

Average current (A)
S1 4]; (k2 — 1) cos o
Dy 4[7‘7 (1 7k2) cos
So 4[; [(7r+2a k+ (1+k2) cosa]
D, & [(r —2a) k — (1 + k?) cos o]
The power of RMS current (A%)

A
s, 1137T {(1 — k) (7 — 2a) — £ cos (Sa)]

Dy 1 [(**kz ) (7 + 2a) + %cos(Sa)]
S2 1 o {( + 3k?%) (7 + 2a) 4 6k cos o — gcos(?) )]
Do “ +3k2) T — 2a) 76kcosa+fcos(3a)w

A. Power Losses of the Power Semiconductor Modules

In the full-scale MMC system, a 4500 V/1200 A IGBT
module is selected (ABB 5SNA-1200G450350), where the
composition of power losses are dominated by the conduction
and switching losses.

According to [14], the conduction losses of IGBT modules
are calculated by

Pcond - |Iavg| [ cond0@T ¢ + KT] (T Tret)}
+ I3y [Teondoe s + K12 (T — Trer)] (1)

with Ucondo@Tys» Teondo@Ty» K11 and Kt being the coefficients
obtained from the datasheet. T is the reference temperature,
typically at 25°C or 125°C. In addition, I,y, and Irms are the
average current and the rms current flowing through the power
devices.

Switching energy dissipations Fgy = Fon + Eofe for the
IGBT and Eg, = E; for the freewheeling diode on the current
1, junction temperature 7 and blocking voltage U, are given
by

I K; U K,
Eow = Egret'| 7 : = '[1 + T'Cow (TJ - Tref)]
Iref Uccref

12)

with Eon, Eo and Ej; being the turn-on, turn-off and reverse
recovery energy per pulse provided in the datasheet. Iief, Ugcret,
Tirer and Ejyrer are the nominal test conditions. K;, K, and
TC,, are coefficients obtained from the datasheet. Note that
the device current [ is the instantaneous current.

The average switching losses of the IGBT and the diode are

1 to+T
Pas = Y B (ice) (13)
to
t0+T
Precp = Z B (i) (14)

where P, s and P p are the average switching losses during
a fundamental period 7', icg and .. are the instantaneous
device currents for IGBT and diode, respectively.
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Fig. 4. Comparison of the conduction and switching power losses of four po
are theoretical results and the dots “o” are simulated results: conduction and
(g), and D2 (d) and (h).

Based on (11)-(14), one of the key points to calculate the
power losses of the IGBT module is to find the instantaneous
current, average current and the RMS current flowing through
the power devices. As shown in Fig. 3, when the arm current
is positive, the current flows through the devices D; and Ss.
On the contrary, the arm current passes through the devices
S; and D, with a negative current. Therefore, it is necessary
to calculate the zero points of the arm current. Solving (7),
the zero points of the arm currents are expressed as

wi = —a + ¢

, where oo = arcsin (k)
wte =T+ o+ Y

(15)

According to the conduction times of the switches and the
characteristics under the non-conduction state, the instanta-
neous, the average and the square of RMS currents of the
device Sy are calculated as

) 0, 21 + wt] < wt < wiy (16)
2 =
CEST Npip, wty < wt <21 + wiy
1 2m+wty fs )
Isi_avg = by /t Npipdwt = o (k* =1)cosar (17)
wto

wer devices in an SM under different P/Q) set points, where the smooth curves
switching power losses of the device S (a) and (e), D1 (b) and (f), S2 (c) and

) 1 2m+twtq 9
IS]_RMS == % /t szpdwt
wto
2/, k
= T6x [(2—I€ (7r—2a)—§cos (Ba)| (18)

Similarly, the instantaneous, average and RMS currents of the
device S, D1 and Do are obtained correspondingly, where
the average and the square of RMS currents of the four power
devices are summarized in Table II. Substituting the device
instantaneous currents, average currents and RMS currents
into (11), (13) and (14), the average power losses of power
semiconductor devices can be calculated and compared with
the simulation as shown in Fig. 4. When P > 0 (inverter
mode), the device S, is dominated in terms of both conduction
and switching losses, as shown in Figs. 4(c) and (g). On the
contrary, when P < 0 (rectifier mode), the conduction loss
is dominated by the device Do while S; has the maximum
switching loss as shown in Figs. 4(d) and (e). The calculated
results are coincided with the simulation in Fig. 4.

B. Power Losses of the Capacitor Banks

The MMC station in an HVDC transmission system fre-
quently employs high-power film capacitors as the capacitor
bank of the SM. The power losses in capacitors are generally
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composed of Joule losses and dielectric losses, that is

Pcap = Pcapj +Pcapd
tan50

E cap RMS S _cap + E cap RMS wC

where Icap_RMs is the RMS value of the capacitor current,
R _cqp is the capacitor series resistance, tan dy is the dielectric
loss factor, C is the capacitance of the selected capacitor and
w is the angular frequency, respectively.

Referring to (7) and (10), the RMS capacitor currents are
calculated as

Gcap_p (1) = Ny (t)A>< ip (t) = icarj_p (Wt) + deapp (2wt)

19)

. mk[s'(t)+£'(t
= 1 sin(w 4 s (w

fundamental component

®c)

(20)

1
+ % cos (2wt — @)

2nd component

feapn (t) = Ny (t) X in (1) = z'fap_n (Wt) + feap n (2w1)

kI I
= m4 > sin (wt) — ZS sin (wt —

®c)

ey

fundamental component

I
+ % cos (2wt — @)

2nd component
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o
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where icap pim (wWt) and icap_pm (2wt) are the fundamental com-
ponent and the 2"-order component in the upper/lower-arm
capacitor current.

Consequently, the RMS capacitor currents are calculated as

Icap rus (W) = = 13 (m*k* — 4k> + 1) (22)
I? (2w) = —12 (23)
cap_RMS 128

Substituting (22) and (23) into (19), the corresponding capac-
itor losses are obtained.

In this case, a high power film capacitor (AVX DK-
TFEM4#H2657, 3500 V/2.65 mF) is selected as the capacitor
bank of the SM. Then, the RMS currents and power losses
of the capacitors are shown in Fig. 5, where the smooth
curves come from the proposed analytical model and the dots
are simulation results. According to Figs. 5(a) and (b), the
fundamental-frequency capacitor currents are larger than the
currents at the 2"-order. Under P = 30 MW and Q = 20 M-
Var, the RMS value of the fundamental-frequency capacitor
current is around four times than the 2"d-order component.
Furthermore, the capacitor losses are shown in Fig. 5(c). The
capacitor losses increase with both active power and reactive
powers. Finally, all the analytical results coincide with the
simulated results well.

C. Power Losses of the Arm Inductors

In an MMC-based HVDC transmission, air-core reactors are
widely used to avoid saturation. Thus, the power losses of the



TABLE III
SPECIFICATIONS AND PARAMETERS OF A DOWN-SCALE MMC
PROTOTYPE

Parameters and Symbols Values and units

Nominal apparent power Sy 15 kVA
Nominal active power Py 13.5 kW
DC bus voltage Ug 900 V
Switching frequency fow 2 kHz

Leakage reactance of the transformer Lt
Arm reactance L

SM capacitance C 1640 uF

Grid line voltage at PCC Us 380 V

Number of SMs per arm N 4

Bleeding resistor of each SM Ry, 12 kQ

IGBT module 1.2 kV/50 A (F4-50R12KS4)
Capacitor Csm 400 V/820 pF (LXS61ZM3M)

4 mH (0.12 p.u.)
4 mH (0.12 p.u.)

TABLE IV
EXPERIMENTAL MEASUREMENTS OF THE SELECTED DEVICES IN THE
DOWN-SCALE MMC

IGBT Diode
Ucond()@T,er [V] 1.87 1.31
Tcond0@T}er [€Q] 3.16E-2 1.46E-2
K [v/eC] 2.70E-3 -3.3E-3
K [©/°C] 9.73E-5 1.82E-5
K; [1] 1.30 3.32E-1
Ky [1] 1.33 1.72
Kow [1/°C] 2.76E-3 1.84E-2
Eswref [m]] 0.72 0.26
Iref [A] 20 20
Uccref [V] 300 300
Tref [OC] 25 25
Capacitor
@50 Hz @100 Hz
ESR [m$2] 115 89.6
Inductor
@0 Hz @50 Hz
ESR [mS2] 64.4 66.9

arm inductors mainly depend on the winding losses P,,, which
is expressed as

Paym = Z s (W) Rt (w) (24)

where Ry is the equivalent series resistance of the arm
inductor and Z,m rms 1S the RMS current.

According to (7), the arm currents through the arm induc-
tors consist of a dc component and a fundamental-frequency
current. Under different P/ set points, the two components
of the arm current are shown in Figs. 6(a) and (b). The dc
components increase with active power while it is independent
of the reactive power. For the 50 Hz component, the RMS
values of the arm currents accelerate with the rising of active
power and reactive power. However, it should be noted that the
50-Hz component is around 5 times than the dc component,
which indicates that the 50-Hz arm current generates the
most part of power losses in the arm inductor. Then, the arm
inductor losses are shown in Fig. 6(c). The simulation results
coincide with the theoretical results.

rid = FCE
g,\, g 15 kVA 5
w2
fO 5 MMC
= A
Power
(b)

Fig. 7. The experimental platform of the the downscale MMC: (a) the
platform photo and (b) the circuit configuration.
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Fig. 8. The total power losses of the four power semiconductor devices in
an SM of the downscale platform (smooth curves: the results based on the
proposed analytical model; the dots “o”: experimental results).

IV. EXPERIMENTAL VERIFICATIONS

In order to verify the effectiveness of the proposed analytical
model, an experimental platform has been built as shown
in Fig. 7. The 15 kVA down-scale MMC is connected to
the grid via an isolated transformer. Three 4 mH (0.12 p.u.)
AC inductors are utilized as the leakage inductance of the
transformer. The grid voltage at the secondary transformer
is selected as PCC. The detailed parameters are listed in
Table III. In the down-scale MMC prototype, each phase has
two arms and each arm consists of 4 SMs. In each half-bridge
SM, a 1200 V/50 A IGBT module is used. Two electrolytic
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capacitors (820 pF x 2) are chosen in the SM due to the
constraint of the converter volume, although the film capacitor
is utilized more widely for HVDC applications.

A. The Power Losses of the IGBT Module

In the first step, the power loss-related coefficients as
presented in (11) and (12) are obtained experimentally listed
in Table IV. Since it is difficult to measure the power losses
of a single power semiconductor chip, the whole IGBT-
module power losses are measured by the Newtons Power
Analyzer PPA5500. The calculated and measured power losses
are shown in Fig. 8. When the active power is increasingly
injected to the grid, the power losses of the IGBT module are
rising. At the same time, the reactive power (from 3 kVar to
6.5 kVar) also boosts the power losses of the IGBT module.
The measurements coincide with the results based on the
proposed analytical model. The maximum error is 5.3%.

B. Capacitor Power Losses

As listed in Table IV, the measured capacitor equivalent
series resistances are 115 m$2 (50 Hz) and 89.6 m{2 (100 Hz),
respectively. These resistances decrease with the frequency.
Then, the voltage and current of an SM capacitor are measured
as shown in Fig. 9. Based on the FFT analysis of the
capacitor current as shown in Fig. 9(b), the major capacitor
currents are fundamental and second-order components, which
verifies (19). Then, the capacitor currents and power losses are
summarized in Fig. 10 with different active/reactive power.
The measured capacitor currents are closely matched with
the analytical models as shown in Figs. 10(a) and (b). The
experimental power loss data also agrees with the theoretical
values in a small error, with a maximum error of 8.2%. This
kind of error might come from the switching-frequency ripple
currents, which are neglected in the analytical model.
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Fig. 10. The experimental capacitor losses (smooth curves: the results based
on the proposed analytical model; the dots “o”: experimental results): (a) 1%t

order ripple currents, (b) 2"d-order ripple currents, and (c) capacitor power
losses.
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The experimental capacitor losses (smooth curves: the results based

Fig. 11.
on the proposed analytical model; the dots “o”: experimental results): (a) DC-

component inductor currents, (b) 1%'-order inductor currents, and (c) inductor
power losses.

C. Inductor Power Losses

Due to the consideration of power density, the down-scale
MMC platform uses the iron-core arm inductors rather than



the air-core type. Therefore, apart from the winding loss in
(24), the core loss is also an important part and expressed as

Pcore = (C'dc‘thfB2 + ch2B2 + Keflls-élb) : ch (25)

C’dc = \/ch|Bdc|/B+1

where B is the amplitude of the ac flux component with the
frequency f, K} is the hysteresis core loss coefficient, K.
is the eddy-current core loss coefficient, K. is the excess
core loss coefficient, and V. is the volume of the core. Note
that an inherent dc-bias current exists in the arm current of
the MMC, the coefficient Cy. helps to consider the impact
of the biased magnetization. The measured inductor currents
and power losses are shown in Fig. 11. The arm inductor
current is dominated by a dc component and an ac component
at the fundamental frequency. As shown in Fig. 11(a), the
dc component is independent of reactive power and linearly
increases with the active power. On the contrary, the AC
current at 50 Hz is affected by both active and reactive
powers as shown in Fig. 11(b). Both measured currents are
closely matched with the corresponding analytical results.
Moreover, the power losses of an arm inductor are illustrated
in Fig. 11(c). The measured inductor power losses are very
close to their theoretical estimation, but the estimation is
relatively small when P=0 kW while the estimation is larger
when P=13.5 kW. The errors are probably from the core
loss model without considering the harmonics. Although the
estimated error is up to 50.1% when the active power is
zero, the estimated power losses are acceptable since the
power loss value is relatively small under the conditions. A
more comprehensive power loss model of the arm inductor
is necessary, which should further consider the impact of the
switching-frequency components.

(26)

V. CONCLUSION

For better component sizing and reliability assessment, a
systematic power loss evaluation is a fundamental requirement
for the MMC. This paper has established analytical power-loss
models of the power semiconductor devices, capacitors, and
inductors. All the electrical parameters are based on the P/Q)
set points with PCC of the grid. Moreover, the reactive power
consumption of the leakage inductance of the AC transformer
is also considered. The established model is computation-
efficient and parameter-changing friendly. Then, both a 36-
MVA MMC simulation model and a 15-kVA experimental
platform are employed for validation. The simulation and mea-
sured results verify the effectiveness of the proposed model.
Comparison of the measurements and the theoretical values,
the maximum errors of power devices and capacitors are 5.4%
and 8.2%, respectively. The maximum error of inductor power
losses is relatively large as 50.1% when the active power is
zero. However, the estimated power losses of the arm inductors
are still acceptable because the power loss values are small
in the condition, which imposes a further study to consider

the impacts of switching-frequency components on the arm
inductors of MMCs.
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